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SYSTEMS AND METHODS FOR
COMMUNICATING USING ASK OR QAM
WITH UNEVEN SYMBOL CONSTELLATION

FIELD OF THE APPLICATION

The application relates to systems and methods for com-
municating using ASK (amplitude-shift keying) or QAM
(quadrature-amplitude modulation).

BACKGROUND OF THE APPLICATION

Both M-ary amplitude-shift keying (ASK) and M-ary
quadrature-amplitude modulation (QAM) have been widely
used 1n digital communications, where M 1s the signal con-
stellation size. In digital modulation with an M-ary constel-
lation, each block of k=log,M bits are mapped 1into an M-ary
symbol, where k1s a positive integer. The signal constellation,
consisting of M points, 1s a geometric presentation of the
candidate baseband signals to transmit. The M points are
distributed on a real axis for ASK or on a complex plane for
QAM to represent the M possible real or complex symbols,
respectively. In an existing regular ASK or QAM constella-
tion, the M signal points are evenly distributed, that 1s, the
distance between any two neighboring signal points of the
constellation 1s equal. The average bit-error rate (BER) per-
formances, that 1s, the relationship of BER vs. the signal-to-
noise ratio (SNR), of different bits among the k bits are quite
similar.

In the application of digital speech communications, the
output bits produced by a speech codec are typically reor-
dered 1nto a sequence of descending importance. The most
important bits are those that will have the greatest impact
upon the recetved voice quality 1f they are received 1n error.
Errors to the least significant bits will have only a negligible
impact upon the recerved voice quality. An example of this

may be found with the AMR codec used in UMTS cellular
systems. See 3GPP 1526.101 section 4.2.1 hereby incorpo-
rated by reference 1n 1ts entirety.

It 1s therefore usual practice to provide additional error
protection to the most important bits. The bits are therefore
classed into groups. The first class of bits will receive the
greatest protection. The second class will recerve relatively
less protection, and so on for however many classes of bits

there are. An example of this may be found with the AMR
codecs used 1n UMTS cellular systems. See 3GPP T526.101
section 4.2.2, hereby incorporated by reference 1n 1ts entirety.
In that example, the importance classes are Class A, Class B,
and Class C. Class A contains the bits most sensitive to errors
and any error in these bits typically results in a corrupted
speech frame which should not be decoded without applying
appropriate error concealment. This class 1s protected by the
Codec CRC 1n AMR Auxiliary Information. Classes B and C
contain bits where increasing error rates gradually reduce the
speech quality, but decoding of an erroneous speech frame 1s
usually possible without annoying artifacts. Class B bits are
more sensitive to errors than Class C bits. The importance
ordering applies also within the three different classes and
there are no significant step-wise changes in subjective
importance between neighboring bits at the class borders.

In another example, when the AMR codec 1s used with a
GSM full rate channel, the sequencing and classification of
bits from speech codecs 1s given 1 TS 45.003 1n section
3.9.4., hereby incorporated by reference 1n its entirety. The
protection classes are: 1a—Data protected with the CRC and

10

15

20

25

30

35

40

45

50

55

60

65

2

the convolution code; and 1b—Data protected with the con-
volution code. No unprotected bits are used.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the application will now be described
with reference to the attached drawings 1n which:

FIG. 1 1s a block diagram of a UASK (amplitude-shift

keying with uneven constellation)yUQAM (quadrature
amplitude modulation with uneven constellation) transmaitter
and receiver provided by an embodiment of the application;

FIG. 2 1s a block diagram of a UASK/UQAM transmitter
and recetver provided by an embodiment of the application
featuring a parameter adaptor;

FIG. 3 15 a block diagram of a UASK/UQAM transmitter
and receiver provided by an embodiment of the application in

which multiple bit streams for multiple users are combined;

FIG. 4 15 a block diagram of a UASK/UQAM transmitter
and receiver provided by an embodiment of the application in
which multiple bit streams for multiple users are combined,
and also featuring a parameter adaptor;

FIG. 5 1s a pictorial representation of a constellation of
4-ASK with uneven distances;

FIG. 6 1s a pictorial representation of a constellation of
16-QAM with uneven distances;

FIG. 7 1s a pictorial representation of a constellation of
8-ASK with uneven distances:

FIG. 8A 1s a block diagram of an example implementation
of a 16-UQAM modulator with a bit stream mapper 1mple-
mented;

FIG. 8B 1s a block diagram of an example implementation
of a 16-UQAM modulator without a bit stream mapper 1imple-
mented;

FIG. 9A 15 a block diagram of a recerver and demodulator
for processing signals generated by the modulator of FIG. 8A;

FIG. 9B 1s a block diagram of a recerver and demodulator
for processing signals generated by the modulator of FIG. 8B;

FIG. 10 contains plots of the BER vs. E,/N_ of 4-UASK 1n
an AWGN (Additive White Gaussian Noise) channel (u=1.0,
0.7 and 0.4);

FIG. 11 contains plots of the BER vs. E,/N_ of 4-UASK 1n
a Rayleigh fading channel (u=1.0, 0.7 and 0.4);

FIG. 12 1s a block diagram of a transmitter and recervers in
which 4-UASK 1s employed for the data transmission for two
users;

FIG. 13 1s a schematic diagram showing the application of
multi-user UASK or UQAM to GSM (Global System for
Mobile Communication);

FIG. 14 1s a schematic diagram of a transmitter showing the
application of 16-UQAM for four users, in which training
sequences are used to encode the constellation properties and
to assign bits to a particular user;

FIG. 15 1s a block diagram of a system featuring a codec, a
channel encoder, an interleaver, a bit puncturer and bit stream
mapper followed by a UASK or UQAM modulator;

FIG. 16 1s a flowchart of a method of using an uneven
constellation 1n a speech encoder application;

FIG. 17 1s a block diagram of another mobile device.

DETAILED DESCRIPTION

A broad aspect of the application provides a transmitter
comprising: a UASK (amplitude shift keying with uneven
distance) modulator or UQAM (quadrature amplitude modu-
lation with uneven distance) modulator that generates sym-
bols from mput bits for multiple receivers such that at least
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some of the symbols generated by the UASK modulator or
UQAM modulator are multi-user symbols that contain bits
for multiple receivers.

A broad aspect of the application provides a method com-
prising: generating UASK (amplitude shift keying with
uneven distance) symbols or UQAM (quadrature amplitude
modulation with uneven distance) symbols from 1nput bits
destined for multiple receivers such that at least some of the
symbols generated are multi-user symbols that contain bits
for multiple receivers; transmitting a signal contaiming the
symbols.

Another broad aspect provides a recetver comprising: a
UASK (uneven amplitude shift keying) demodulator or
UQAM (uneven quadrature amplitude modulation) demodu-
lator that produces bits from received symbols, wherein at
least some of the symbols are multi-user symbols that contain
bits of multiple recervers, the receiver being further config-
ured to extract bits that are for that recerver.

Another broad aspect provides a method 1n a recerver com-
prising: receving a signal contaiming symbols, at least some
of the symbols being multi-user UASK symbols that contain
bits for multiple receivers, or at least some of the symbols
being multi-user UQAM symbols that contain bits of multiple
receivers; performing UASK (uneven amplitude shift keying)
demodulation or performing UQAM (uneven quadrature
amplitude modulation) demodulation to produce bits from
the symbols; extracting bits that are for that receiver.

It should be understood at the outset that although 1llustra-
tive implementations of one or more embodiments of the
present disclosure are provided below, the disclosed systems
and/or methods may be implemented using any number of
techniques, whether currently known or in existence. The
disclosure should 1n no way be limited to the illustrative
implementations, drawings, and techniques illustrated below,
including the exemplary designs and implementations 1llus-
trated and described herein, but may be modified within the
scope of the appended claims along with their full scope of
equivalents.

Systems and methods that employ ASK and QAM modu-
lation schemes with uneven constellations, that is, the dis-
tances between two neighboring signal points (referred to as
neighboring distance hereafter) 1in the constellations are not
equal, are provided. These modulation schemes will be
referred to as UASK (amplitude shift keying with uneven
constellation) and UQAM (quadrature amplitude modulation
with uneven constellation) respectively. A UASK constella-
tion 1s an ASK constellation in which the distances between
neighboring symbols in the constellation are not all equal.
Similarly, with a UQAM constellation, the distance between
neighboring symbols along the real axis are not all equal
and/or the distance between neighboring symbols along the
imaginary axis are not all equal. In some embodiments, this 1s
employed to provide controllable bit-error rate (BER ) perfor-
mance, 1 some cases adaptively controllable, for each bit
among the k bits.

Other embodiments provide one or more computer read-
able media having computer executable 1nstructions stored
thereon for executing, or coordinating the execution of one or
more of the methods summarized above, or detailed below.

Referring now to FIG. 1, a first embodiment of the appli-
cation will now be described. A transmitter 1s generally 1indi-
cated at 300 and 1s shown to include a UASK or UQAM
modulator 304 and an antenna 306. Typically, the transmaitter
would include either a UASK modulator, or a UQAM modu-
lator, but the Figure shows both 1n the interest of brevity. The
UASK or UQAM modulator 304 receives bits 302 to be
mapped to symbols by the UASK or UQAM modulator.
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Details of UASK and UQAM modulation are provided below.
For the embodiment of FIG. 1, bits 302 may include bits
which are for one or multiple users to recerve depending on a
given implementation or application. The UASK or UQAM
modulator 304 uses at least one adaptation parameter u 320
indicative of what constellation to use, for example retlective
of unevenness in the constellation. More generally, the modu-
lator simply needs to know which symbol constellation to
use. For constellations of larger size, there may be multiple
such adaptation parameters, in order to provide multiple dif-
terent neighboring distances between constellation points. In
some embodiments, the uneven constellation used with the
embodiment of FIG. 1 1s fixed. In other embodiments, the
constellation 1s changed adaptively or changed 1n a predeter-
mined manner.

The receiver 1s generally indicated at 310, and includes a

receive antenna 312 and UASK or UQAM demodulator 314
which produces output 316. The UASK or UQAM demodu-
lator 314 performs UASK or UQAM demodulation. Details
of UASK and UQAM demodulation are provided below. The
u value(s) 322 used 1 the UASK and UQAM demodulation
are the same as those used for modulation, are used for
demodulation. More generally, the recerver needs to know
somehow what the symbol constellation 1s. In the event bits
302 included bits for multiple users, there would be multiple
instances of therecetver 310, one for each user. Each user may
be dedicated to recetrve all or a part of the baits.

Referring now to FIG. 2, a second embodiment of the

application will now be described. A transmitter 1s generally
indicated at 340 and 1s shown to include a UASK or UQAM

modulator 344 and an antenna 346. The UASK or UQAM
modulator 344 recerves bits 342 to be mapped to symbols by
the UASK or UQAM modulator. For the embodiment of FIG.

2, bits 342 may include bits which are for one or multiple
users depending on a given implementation or application.
Also shown 1s a parameter adaptor 348 that adaptively deter-
mines a constellation to be used by the UASK modulator or
the UQAM modulator. In the illustrated example, this
involves determiming at least one parameter u imndicative of
which constellation to use, for example one or more param-
cters reflective of unevenness 1n the constellation, and pro-
vides this at 350 to the UASK or UQAM modulator 344. For
the constellations of large size, there may be multiple such
parameters 11 multiple different neighboring distances are to
be provided. The parameter adaptor 348 takes into account at
least one adaptation input 352. Adaptation mput(s) are appli-
cation specific. In some embodiments, they are retlective
(directly or indirectly) of a desired level of BER disparity
between different bits (1.e., the bits at different bit positions);
in some embodiments, they are reflective (directly or indi-
rectly) of different channel conditions to be experienced by
multiple receivers dedicated to recerve different bits. In some
embodiments, they are reflective (directly or indirectly) of the
possibly different noise and interference suppression capa-
bilities of the targeted receivers. Specific examples of adap-
tation inputs include required SNR (signal to noise ratio) or
SINR (signal-to-interference plus noise ratio) for a targeted
service quality, or measured SNR or SINR. More examples of
adaptation inputs include RSSI (received signal strength indi-
cation), BER, BLER (block error rate), Mean BEP (bit error
rate probability), CV BEP (coellicient of variance for BEP),

FER (frame error rate), advanced receiver Capabilities (for
example DARP Phase I, DARP Phase 1), MCS (modulation
and coding scheme), etc. The parameter adaptor 348 deter-
mines the constellation to use, and also may change the con-
stellation used 1n a way that may, for example, be periodic or

aperiodic. The UASK or UQAM modulator 344 uses the
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parameter(s) u to set the constellation used for modulation. In
some embodiments, the transmitter 1s configured to transmait
at least one parameter retlective of unevenness in the constel-
lation over a communication link, for example wireless or
wire-line, for use by at least one receiver in performing
demodulation.

The recerver 1s generally indicated at 360, and includes a
receive antenna 361 and UASK or UQAM demodulator 362

which produces output 366. The UASK or UQAM demodu-
lator 362 performs UASK or UQAM demodulation, option-

ally taking into account one or more of the parameter(s) u
shown input at 364. In the event bits 342 included bits for
multiple users, there would be multiple istances of the
receiver 360, one for each user. Each user may be dedicated to
receive all or a part of the bits. For multiple user embodi-
ments, as detailed below, not every recetver necessarily will
need to be aware of any of the parameter(s) u. For receivers
that do need to be aware, they can learn of the parameter(s) by,
for example, receiving signaling that indicates the para-
meter(s), by analyzing the recerved signal to estimate the
parameter(s). It 1s also possible that the parameter(s) u have
been predetermined and hence the receiver will know the
parameter(s) u and when they are used. More generally, the
receivers need to be aware of what constellation to use in
performing demodulation.

Referring now to FIG. 3, a third embodiment of the appli-
cation will now be described. A transmitter 1s generally indi-
cated at 370 and 1s shown to include a UASK or UQAM
modulator 374 and an antenna 376. The UASK or UQAM
modulator 374 recerves bits 372 that include bits from N
different streams, for N different users, to be mapped to
symbols by the UASK or UQAM modulator, where Nz2.
Each symbol produced by the UASK or UQAM modulator
may contain one or more bits for each of the users, or for a
subset of the users. More generally, at least some of the
symbols contain bits for multiple users. The UASK or UQAM
modulator 374 uses at least one parameter u 375 retlective of
unevenness in the constellation. More generally, the modula-
tor needs to know which symbol constellation to use. For
constellations of larger size, there may be multiple such
parameters 1f multiple different neighboring distances are to
be provided. In some embodiments, the transmitter performs
a mapping which may be static or dynamic of the iput bits
3772 for the multiple users to bit positions for the purpose of
UASK or UQAM modulation. The i1llustrated bit stream map-
per 373 1s one example of where this might take place.

A set of recetvers includes a receiver for each of the N
users, specifically, user 1 receiver 380, user 2 recerver 381 and
so on through to user N recerver 383. Only receiver 380 waill

be described 1in detail. The receiver includes a receive antenna
382, UASK or UQAM demodulator 384 which produces

output 386. The UASK or UQAM demodulator 384 performs
UASK or UQAM demodulation. The u value(s) 385 which
are the same as those used 1n the modulation are used by the
receiver for demodulation. More generally, the receiver needs
to know somehow what the symbol constellation 1s. In
embodiments 1n which the transmitter performed a mapping
which may be static or dynamic of the iput bits 372 for the
multiple users to bit positions for the purpose of UASK or
UQAM modulation, the receiver needs to be aware of the
mapping 1n order to extract the bits for that receiver. In some
embodiments, the recerver includes a bit stream demapper
388 for this purpose which simply extracts the bits that are for
that receiver. In the illustrated example, the bit stream mapper
388 makes use of one or more parameters L indicative of the
position of the bits for that recerver. In some embodiments,
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these are received over the air. A specific example 1s detailed
below 1 which a parameter L 1s conveyed though the use of
training sequences.

In some embodiments, the uneven constellation used with
the embodiment of FIG. 3 1s fixed. In other embodiments, the
constellation 1s changed adaptively or 1n a predetermined
manner.

Referring now to FIG. 4, a fourth embodiment of the appli-
cation will now be described. A transmitter 1s generally 1ndi-
cated at 390 and 1s shown to include a UASK or UQAM
modulator 394 and an antenna 396. The UASK or UQAM
modulator 394 recerves bits 392 to be mapped to symbols b
the UASK or UQAM modulator that include bits from N
different streams, for N different users, where N=z=2. Each
symbol produced by the UASK or UQAM modulator may
contain one or more bits for each of the users, or for a subset
of the users. More generally, at least some of the symbols
contain bits for multiple users. Also shown 1s a parameter
adaptor 398 that adaptively determines a constellation to be
used by the UASK modulator or the UQAM modulator. This
may for example involve determining at least one parameter
u indicative of what constellation to use, for example retlec-
tive of unevenness in the constellation and provides this at
400 to the UASK or UQAM modulator 394. For constella-
tions of larger size, there may be multiple such parameters it
multiple different neighboring distances are to be provided.
The parameter adaptor 398 takes into account at least one
adaptation mnput 402. The adaptation inputs that are used by
the parameter adaptor may vary depending on the application.
In some embodiments, they are reflective (directly or indi-
rectly) of different channel conditions to be experienced by
multiple recervers dedicated to receive the different bits. In
some embodiments, they are reflective (directly or indirectly)
of the possibly different noise and interference suppression
capabilities of the targeted receivers. In some embodiments,
they are reflective (directly or indirectly) of the possibly dii-
ferent noise and interference suppression capabilities of the
targeted recervers. Specific examples of adaptation inputs
include required SNR (signal to noise ratio) or SINR (signal-
to-interference plus noise ratio) for a targeted service quality,
or measured SNR or SINR. More general examples of adap-
tation puts could include RSSI (recerved signal strength
indication), BER, BLER (block error rate), Mean BEP (bit
error rate probability), CV BEP (coellicient of variance for
BEP), FER (frame error rate), advanced recerver Capabilities
(for example DARP Phase I, DARP Phase II), MCS (modu-
lation and coding scheme), etc. The parameter adaptor 398
determines the constellation to use, and may change the con-
stellation used 1n a way that may, for example, be periodic or
aperiodic. The UASK or UQAM modulator 394 uses the at
least one parameter u to set the constellation used for modu-
lation. In some embodiments, the transmuitter 1s configured to
transmit the at least one parameter reflective of unevenness in
the constellation over a communication link, for example
wireless or wire-line, for use by at least one receiver 1n per-
forming demodulation. In some embodiments, the transmiat-
ter performs a mapping which may be static or dynamic of the
input bits 392 for the multiple users to bit positions for the
purpose of UASK or UQAM modulation. The 1llustrated bit
stream mapper 393 1s one example of where this might take
place.

A set of recetvers includes a recetver for each of the N
users, specifically, user 1 receiver 410, user 2 recerver 411 and
so on through to user N recerver 413. Only receiver 410 wall

be described in detail. Receiver 410 includes a receive
antenna 412, UASK or UQAM demodulator 414 which pro-

duces output 416. The UASK or UQAM demodulator 414
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performs demodulation, optionally taking 1nto account one or
more of the parameter(s) u as indicated at 418. For each
symbol, each user may be dedicated to receive none, all, or a
part of the demodulated bits. Receivers can learn of the
parameter(s) 1 by receiwving signaling that indicates the
parameter(s), or analyzing the received signal to estimate the
parameter(s). It 1s also possible that the parameter(s) u have
been predetermined and hence the receiwver will know the
parameter(s) u and when they are used. In embodiments in
which the transmitter performed a mapping which may be
static or dynamic of the input bits 392 for the multiple users to
bit positions for the purpose of UASK or UQAM modulation,
the receiver needs to be aware of the mapping in order to
extract the bits for that recerver. In some embodiments, the
receiver includes a bit stream demapper 420 for this purpose
which simply extracts the bits that are for that recerver. In the
illustrated example, the bit stream mapper 393 makes use of
one or more parameters L indicative of the position of the bits
for that receiver. In some embodiments, these are received
over the air. A specific example 1s detailed below in which a
parameter L 1s conveyed though the use of training sequences.

Note that the transmitters of FIGS. 1, 2, 3 and 4 may
include many other components that have not been shown. A
non-exhaustive set of examples of what may be 1ncluded 1s
source encoders, channel encoders, digital to analog convert-
ers, filters, frequency up-converter(s), RF amplifiers. Further-
more, while the transmitters are each shown to have a single
antenna, 1t should be understood that multiple antenna imple-
mentations are possible as well 1n the transmitter. While all of
the embodiments described assume a wireless channel, more
generally, any communications channel 1s contemplated. For
example, the communications channel may be a wired con-
nection 1n which case, a transmitter may generate an RF
signal for transmission without an antenna, by way of the
wired connection. In such embodiments, neither the transmit-
ter nor the recerver require antennas.

Some embodiments further include the above-described
bit stream mapper between the input bit stream(s) and the
modulator, that maps input bits to bit positions. In some
embodiments, the bit stream mapper works in connection
with the constellation selection process and takes into
account the adaptation inputs. Specific examples of embodi-
ments that include bit stream mappers are described below.
For example, for the UASK case, each symbol 1s determined
by two bits, a strong bit and a weak bit. The strong bit 1s
transmitted with relatively stronger error immunity than the
weak bit. If the data for a first and second user 1s to be carried
by the two bits, the bit stream mapper decides which user’s
data should be transmitted as the strong bit or weak bit. This
will result in the assignment of different BER performances
to the first and second users, or can be used to achieve BER
parity between the two users where one user experiences
different channel propagation conditions, more noise and or
interference, or has a less advanced recetver capability for
suppressing noise and or interference. The function of the bat
stream mapper 1s not limited to the multiple user case. Bit
stream mapping may be performed adaptively or mn a fixed
manner. In the event adaptation i1s employed, adaptation
inputs that are the same or similar to those described for the
adaptation of the symbol constellation may be employed. The
adaptation inputs are used by the bit stream mapper to deter-
mine the relative assignment of mput bit strength require-
ments to symbol constellation point strength.

Some single user applications also may benefit from bit
stream mapping. In that case bits for the single user are
selectively mapped to bit positions so as to control BER of the
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various bits. A specific example of where this 1s applied to the
output of a codec 1s described 1n detail below.

The BER achieved by a given recerver 1s a function of more
than just the symbol constellation used at the transmaitter. It 1s
also a function of the channel conditions at the times of
transmission between the transmitter and the recerver. It 1s

also a function of the capabilities of the recerver 1n terms of 1ts
ability to suppress noise and interference. These factors can

differ between a set of receivers who are to each recerve one
or more bits of a transmitted UASK or UQAM symbol.

In some embodiments, the parameter adaptor 1s configured
to determine the constellation by taking 1into account a target
BER performance for different bit positions of the input bits.
Target BER performance 1s used 1n a very general sense, and
can i1nclude specific targets or ranges, or relative targets or
ranges to name a few specific examples, or simply relative
BER performances of the different bit positions.

For applications with a single receiver, this may mmvolve
determining the constellation by taking into account a target
differentiated BER performance for ditlerent bit positions of
the iput bits that are for receipt by a common receiver, and
then subsequently mapping the bits to the specific constella-
tion positions using the bit stream mapper.

In some embodiments, the parameter adaptor 1s configured
to determine a constellation to be used by the UASK modu-
lator or the UQAM modulator by taking into account a target
BER performance for different bit positions of the input bits
as received by different receivers. Again, this may nvolve
taking 1into account the target BER, channel conditions, and/
or recewver capabilities to name a few examples. The bit
stream mapper 1s then used to map the input bits destined for
different receivers onto the symbol constellation points 1n a
manner which adaptively changes based on the changing
targeted BER performance, changing transmission channel
conditions, or any other dynamic characteristic.

The recervers of FIGS. 1, 2, 3 and 4 may include other
components that have not been shown. A non-exhaustive set
of examples of what may be 1included 1s RF front ends, fre-
quency down-converter(s), analog to digital converters, hard
or soit bit decider(s), channel decoders, equalizers, source
decoders. Furthermore, while the receivers are each shown to
have a single antenna, 1t should be understood that multiple
antenna recerver implementations are possible as well, as are
implementations where the RF input 1s delivered 1n a con-
ducted manner instead of a radiated manner. In some embodi-
ments, the recetver has a parameter estimator or detector (not
shown) that estimates or otherwise determines the u value(s)
of the UQAM or UASK constellation by examining the
received symbol. More generally, the recewver has some
mechanism to determine the constellation that was used at the
transmitter. Of course, this would not be necessary 1if the
constellation was fixed and known to the receiver. In some
embodiments, the receiver has a parameter estimator or
detector (not shown) that estimates or otherwise determines
the L value(s) indicative of which bits are for the recetver.
More generally, the receiver has some mechanism to deter-
mine which bits are for the receiver. Of course, this would not
be necessary if the mapping was fixed and known to the
recelver.

For some embodiments, for a given modulation type, €.g.
ASK or QAM, there are a finite number of different constel-
lations that are selected between, each with different spacings
of the symbol points 1n the constellations, each yielding cor-
responding differences in BERs experienced by the various
bit positions. In such a case, the parameter indicative of
unevenness ol the constellation may simply be a constellation




US 8,908,799 B2

9

identifier that indicates a selected one of the finite number of
different constellations employed by the transmitter.
Quaternary Uneven Ask

Referring now to FIG. 5, shown 1s the constellation of
quaternary uneven ASK (4-UASK) provided by an aspect of
the application. The horizontal axis 18 represents the base-
band signal amplitude. The constellation includes four sym-
bols referredto as s, 10, s, 12, s, 14, 5, 16. Also shown 1n the
figure generally 1indicated at 20 1s an example of bit-to-sym-
bol mapping of bits b, b, that follows the Gray coding rule. It
should be understood that the bit-to-symbol mapping rela-
tionship 1s not unique for this and the other examples given
below. In some embodiments for this and other examples
below, any Gray code mapping can be employed. For a Gray
code mapping, two neighboring symbols in the constellation,
have bit representations (1.e. presented by b, b, ) that differ by
only one bit. The distance between the two iner points s, 12,
s, 14 1s denoted by a positive real number, d, while the dis-
tance between an outer point and 1ts neighbor (for example
between s; 14 and s, 16) 1s denoted by u d, where u 1s a
positive real number. When u=1.0, FI1G. 5 represents a regular
4-ASK constellation with equal distance between all neigh-
boring points, and otherwise 1t represents a 4-UASK constel-
lation. For reasons described below, the bit denoted by b, will
be referred to as the strong bit, and the bit denoted by b, will
be referred to as the weak bit. The average symbol energy 1s

P I S A o (1)
s—z(z"‘# ] "'(E]}—E[(#'l‘ )+ 1],
Thus,

\/SES (2)
d =

B(y)

where
B() = (Qu+ 1 +1. (3)

The average energy of each bit 1s E,=E /k, where k=log,(M)
=2 for M=4=the signal constellation size.

In the recerver, the two bits of each symbol can be jointly or
individually detected. For example, a hard decision can be
made for each bit following the rules,

2 0 1if r> 0 (4)
b= 1 otherwise
n 0 1f || <{u+1)d/2 (5)
by = .
1 otherwise

where r 1s the recerved symbol. A soit decision on each bit 1s
also possible, which 1s often desirable when channel decod-
ing follows. In some other implementation examples, it1s also
possible to include a symbol detector which makes a decision
on each symbol, and then demap the symbol to the wanted
bits.

In FIG. 5, the parameter u 1s defined by the ratio of the
distance between an outer symbol and 1ts neighboring symbol
to the distance between two inner symbols of the constella-
tion. It should be apparent that a constellation having the
symbol spacings of the FIG. 5 example can equivalently be
defined using many different parameter defimitions. Further-
more, the constellation could be defined without using any
adaptation parameters at all, for example simply by providing
values for the constellation points.
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16-Ary Uneven QAM
In another embodiment, the concept of 4-UASK 1s

extended to 16-ary uneven QAM (16-UQAM) by constituting
the 16-UQAM constellation with two independent 4-UASK

constellations, one for the real part, 1.e., the in-phase (I)
sub-channel, and another for the imaginary part, 1.e., the
quadrature (QQ) sub-channel. An example of this 1s shown 1n
FIG. 6, where for each block of k=4 bits, two of them (b, and
b,) are mapped to the sub-channel I (indicated by horizontal
axis 100), and other two bits (b, and b,) are mapped to the
sub-channel Q (indicated by vertical axis 102). By setting a
proper value of u for each sub-channel, different BER perfor-
mances of the strong bits and the weak bits can be obtained for
cach sub-channel.

Note that in FIG. 6, the values ot p are denoted by w, and 1,
for the sub-channel I and Q, respectively. In addition, the
values ot d are denoted by d, and d_ for the two sub-channels
respectively. In general, p1 1s not necessarily equal to p;, and,
d,, 1s not necessarily equal to d,. These flexibilities make 1t
possible to let all of the four bits have different BER perior-
mances.

The parameters p,, and, p function similar to the single
parameter ufor the FIG. 5 example. More specifically, u, 1s the
ratio of the distance between an outer symbol and 1ts neigh-
boring symbol to the distance between the two inner symbols
of the constellation 1n the I dimension, while p_ 1s the ratio ot
the distance between an outer symbol and its neighboring
symbol to the distance between the two inner symbols of the
constellation 1n the Q dimension. Again, 1t should be apparent
that the constellation of FIG. 6 need not necessarily be
defined using these particular parameter definitions. Other
parameters reflective of the unevenness of the constellations
could be employed, or fixed constellations may be employed
in which the constellation points are defined without refer-
ence to any parameters.

In the receiver, the four bits of each symbol can be jointly,
partially jointly, or individually detected. For example, the
real part and the imaginary part of the recerved complex
symbol can be separated, and a hard decision can be made for
cach bit following the rules.

3 0 1f Re{r} >0 (6)
b= 1 otherwise

2 0 1if [Re{r}| < (u; + 1)d; /2 (7)
£ 1 otherwise

3 0 1if Im{r} >0 (8)
)7 1 otherwise

R { O af |Imir}| < (ug + 1)d; /2 (9)
T 1 otherwise

where Re{r} and Im{r} are the real part and the imaginary
part of the receirved complex symbol r, respectively. Again, a
soft decision can be made for each bit, which 1s often desir-
able when channel decoding follows. In some other imple-
mentation examples, it 1s also possible to include a symbol
detector which makes a decision on each symbol, and then
de-map the symbol to the wanted bits.

Higher Order Uneven ASK and QAM
In another embodiment, the above-described concept of

4-UASK 1s generalized to higher order UASK. As an
example, FIG. 7 illustrates a higher order UASK constella-
tion. As M=8 and k=3, each block o1 3 bits, denoted by b, b,

and b,, 1s mapped to a 8-UASK symbol following Gray
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coding as generally indicated at 128. The horizontal axis 126
represents baseband signal amplitude. The constellation

includes eight symbols referred toas s, 110, s, 112, s, 114, s,
116, s. 118, s, 120, s, 122, s, 124. The distance between the
two 1nner points s, 116, s, 118 1s denoted by d, while the
distances between other neighboring points are u.d, where
1=1, 2 or 3. For different choices of the values of 1., the BER
performances of the 3 bits can be calculated or stmulated and
thus the choice of the values of u, permit the BER perfor-
mance of the 3 bits to be set differently. In the receiver, the
three bits of each symbol can be jomntly, or individually
detected. For example, a hard decision can be made for each
bit as follows,

; 1 if r<0 (10)
b= 0 otherwise
. 1 if |F] > xp (11)
by = .
0 otherwise

1f x; < ¥ < x3 (12)

otherwise

where X,, X, and X, are thresholds defined by midpoints
between the symbols. A soit decision can be made for each
bit, which 1s often desirable when channel decoding follows.
In some other implementation examples, 1t 1s also possible to
include a symbol detector which makes a decision on each
symbol, and then de-map the symbol to the wanted baits.
Higher order constellations can be defined with reference to
other parameter definitions than the above; also higher order
constellations that are fixed may be employed.

Again, the concept of higher order UASK can be extended
to higher order UQAM as in the previously described
embodiments.

IMPLEMENTATION EXAMPLES

A UASK/UQAM modulator can be implemented with any
method suitable for a regular ASK/QAM modulator imple-
mentation with few changes. As an example, FIG. 8 A shows
the block diagram of a possible implementation of a
16-UQAM modulator, including a possible bit-to-symbol
mapping relationship. As will be explained in detail below,
the diagram consists of a top part 640 and a bottom part 642,
representing the sub-channel I and the sub-channel Q, respec-
tively. Each part 1s a 4-UASK modulator. When the bottom
part 1s omitted, the whole block diagram represents a
4-UASK modulator. The top part 640 comprises a bit-to-
symbol mapper 604, pulse-shaping filter 608, multiplier 620
and carrier source 618 providing an RF cosine signal. The
multiplier 620 and the carrier source 618 constitute a ire-
quency up-converter for the top part 640. The bottom part 642
comprises a bit-to-symbol mapper 610, pulse-shaping filter
614, multiplier 624 and phase shifter 622. The phase of the
carrier source 618 1s shifted by the phase shifter 622 by 90
degrees to produce an RF sine signal 623 as input to multiplier
624. The multiplier 624 and the RF sine signal constitute a
frequency up-converter for the bottom part 642. The outputs
of multiplier 620 and 624 are combined i1n adder 626 to
produce the overall output which 1s then forwarded for RF
processing. Generally indicated at 630 1s a specific example
of the bit-to-symbol mapping performed 1n the bit-to-symbol
mapper 604. Similarly, generally indicated at 632 1s a map-
ping performed by bit-to-symbol mapper 610. It can be seen
that for the I and QQ channels respectively, a UASK mapping 1s
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performed. Note that the parameterization of the mappings 1s
as given 1n the above example, with a single parameter p1 606
being used to define the unevenness 1n the I sub-channel and
a single parameter u, 612 being used to define the unevenness
in the Q sub-channel. Of course, as described previously, this
1s just one example of how to define the unevenness of the
constellation. The input to the bit-to-symbol mapper 604
includes bits b, and b,. The input to the bit-to-symbol mapper
610 includes bits b, and b,,. The four bits b,, b,, b, and b, may
be for a single recetver or for multiple receivers as described
previously. Some embodiments also include a bit stream
mapper. In the 1llustrated example, the bit stream mapper 602
takes four input bit streams collectively 600, a,, a,, a, and a,,
and maps these to the appropriate inputs, b,, b,, b, and b, of
the bit-to-symbol mappers 604 and 610. The bit stream map-
per determines which input bit, among a,, 1==1~4, 1s trans-
mitted as b,, which 1nput bit 1s transmaitted as b,, and so on.
It should be readily apparent that a transmitter design 1s
implementation specific, and that other components than

those specifically shown 1 FIG. 8 A may be employed in
conjunction with a UASK or UQAM modulator.

A UASK/UQAM demodulator can be implemented with
any method suitable for the regular ASK/QAM demodulator
implementation with few changes. As an example, FIG. 9A
shows a block diagram of a possible implementation for a
receiver employing 4-UASK demodulation. Shown 1s an RF
front end 650, multiplier 652 for performing down conver-
sion, low pass filter 654, down sampler 656 and bit decider
658 which has an 1nput to recerve the parameter(s) u indica-
tive of the constellation to use, for example reflective of the
unevenness of the constellation. The output of the bit decider
658 1s b, or b, or both. In some other implementation
examples, it 1s also possible to include a symbol detector
which makes a decision on each symbol, and then de-map the
symbol to the wanted bits. Also shown 1s a bit stream demap-
per 662. In some embodiments, the bit stream demapper 662
simply extracts bits that are for that receiver. This 1s appro-
priate for single transmitter to multiple recerver embodi-
ments. In some embodiments, the bit stream demapper 662 1s
configured to perform a reverse operation upon bits of a
sequencing operation that took place in the transmitter, for
example to organize transmitted bits into various classes.
Detailed examples of this latter approach are given below. A
parameter estimator or detector 664 1s provided that produces
the parameter(s) u indicative of the constellation to use. The
parameter estimator or detector 664 may also provide param-
cter(s) indicative of which bits are for the recerver, denoted by
L 661, to the bit stream demapper 662. In some embodiments,
the parameter(s) u are estimated, while 1n others they are
detected, for example from signaling. Specific examples of u
detection 1s given below. More generally, the recerver needs to
somehow determine what constellation was used at the trans-
mitter. In FIG. 9A, c(t) 1s the local carrier signal. When c(t) 1s
the same cosine function as that used 1n the top part of FIG.
8A, the bit of b, or b, or both can be recovered. Otherwise,
when c(t) 1s the same sine function as that used 1n the bottom
part of FIG. 8A, the bit of b, or b, or both can be recovered. IT
a recerver implements two receiver paths, one with the cosine
function, and the other with the sine function, the receiver 1s
able to recover any combination of one or more of b, b,, b,
and b,. Depending on the nature of the mapping performed 1n
the transmutter, for such an embodiment the bit stream demap-
per 662 may recerve recovered bits from one or both the I and
Q recerve path for the purpose of performing bit stream
demapping.

It should be readily apparent that a receiver design 1s imple-
mentation specific, and that other components than those
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specifically shown 1n FIG. 9A may be employed 1n conjunc-
tion with a UASK or UQAM modulator.

FIG. 8B 1s a block diagram of another implementation of a
16-UQAM modulator. This embodiment differs from the
embodiment of FIG. 8A 1n that there 1s no bit stream mapper
602. The first bit-to-symbol mapping 1s performed by the
bit-to-symbol mapper 604 for input bits b,, b,, to produce
symbols for an I sub-channel, and the second bit-to-symbol
mapping 1s performed by the bit-to-symbol mapper 612 for
input bits b, b,, to produce symbols for a Q sub-channel.

FIG. 9B 1s a block diagram of an implementation of a
receiver that employs 16-UQAM demodulation, correspond-
ing with the transmitter example of FIG. 8B, differing from
FIG. 9A 1n the absence of bit stream demapper 662.

It should be readily apparent that a recerver design 1s imple-
mentation specific, and that other components than those
specifically shown in FIG. 9B may be employed 1n conjunc-

tion with a UASK or UQAM modulator.
BER Performance of 4-UASK and 16-UQAM
1) BER in AWGN Channel
It can be proven that 1n the AWGN channel, for 4-UASK,
the BER of the strong bit (1.e., b, 1n FIG. §) 1s

(13)

L1 (2u+]1 1
Par(t nb):zlerfc( T A nb))+erfc(§A(p, nb)]].

The BER of the weak bit (1.e., b, 1n FIG. §) 1s

Pax(, p) = (14)

| + 2

3u+2
1 [261:‘&(%«4(,{1, nb)) + erf #TA(,u, nb)] — erfc( #2 A, ??b)]]-

In (13)and (14), 1, 1s the average signal-to-noise ratio (SNR)
per bit, that 1s,

nb:Eb/Nm (15)
erfc(x) = %Lmexp(—rz)dr, (16)
and

Ay, mp) =4V, / B(p) . (17)

In (15), N_ 1s the single-sided power spectrum density of the
AWGN, and E, 1s the average signal energy per bit.
2) BER 1n Rayleigh Fading Channel

In the fast flat Rayleigh fading channel, the mstantaneous
signal-to-noise ratio fluctuates constantly, following the
exponential distribution. By denoting the instantaneous bit
SNR by A, and the average bit SNR by n,, the probability
density function (PDF) of A 1s

1 A (18)
—exp(——), for 0 < A < co.
Hb b

PA =
Then, the error rate 1n a fast flat Rayleigh fading channel is

(19)

| A
PE:‘=ﬁpm(#,l)mﬁﬂ=ﬁpm(ﬂ,ﬂ)—ﬂp(——)ﬂﬂa
0 0 Ty h

5

10

15

20

25

30

35

40

45

50

55

60

65

14

where P .(u,A) 1s the bit error rate in AWGN. Substituting,
(13) into (19), for the 4-UASK, the BER for the strong bit 1s

obtained as

A2+ 1)*np (29)

1 1
2 4 \/4(% + 1%y, + B(u)

Pri(tt, np) =

_I_\/ A1,
dnp + B(y) _'

By substituting (14) into (19), the BER for the weak bit 1s
obtained as

821, (21)

1 1
i ) ;
2 4 \/ Sucnp + 2B(u)

Pro(pt, np) =

\/ B +2%m \/ 8(3u + 2P,
B(pt + 21y + 2B(u) 8(3p +2)*mp +2B(w) |

3) Numerical Results

FIG. 10 shows the BER for the strong bit and the weak bit
of 4-UASK 1n the AWGN channel for u=0.4, 0.7 and 1.0,
plotted according to (13) and (14). Specifically, the BER for
the strong bit for u=1.0 1s indicated at 30 and the BER {for the
weak bit for u=1.0 1s indicated at 32. The BER {for the strong
bit for u=0.7 1s indicated at 34 and the BER {for the weak bit
for u=0.7 1s indicated at 36. The BER for the strong bit for
u=0.4 1s indicated at 38 and the BER for the weak bit for u=0.4
1s indicated at 40.

FIG. 11 shows the BER for the strong bit and the weak bit
of 4-UASK 1n the fast flat Rayleigh fading channel for u=0.4,
0.7 and 1.0, plotted according to (20) and (21). Specifically,
the BER {for the strong bit for u=1.0 1s indicated at 60 and the
BER for the weak bit for u=1.0 1s indicated at 62. The BER for
the strong bit for u=0.7 1s indicated at 64 and the BER {for the
weak bit for u=0.7 1s indicated at 66. The BER {for the strong

bit for u=0.4 1s indicated at 68 and the BER for the weak bit
for u=0.4 1s indicated at 70.

Some numerical results are summarized in Table 1. It can
be seen that in the regular 4-ASK (1.e., u=1.0), the BER
performances of the strong bit and the weak bit are quite
close. For instance, in the AWGN channel, the difference
between the strong bit and the weak bit 1s only 0.3 dB (for
BER=10"%). However, in the 4-UASK, this difference
increases as L decreases. When u=0.7, the difference becomes
3.6 dB, and when u=0.4, 1t becomes 8.4 dB. In the Rayleigh
fading channel, the difference1s 2.7 dB, 5.4 dB and 9.8 dB for
u=1.0, 0.7 and 0.4, respectively, for BER=10"".

TABLE 1
Bit-Error Rate Performance of 4-UASK
Required E/N_ (dB)

Channel L strong bit weak bit difference
AWGN (BER = 1074 1.0 11.9 12.2 0.3

0.7 10.2 13.8 3.6

0.4 8.2 16.6 8.4
Fast Flat 1.0 25.4 28.1 2.7
Rayleigh fading 0.7 23.9 294 54
(BER = 1072) 0.4 22.4 32.2 9.8

For 16-UQAM, because of the independency between the
two sub-channels, the equations (13) and (20) are valid for the

BER of the strong bit of each sub-channel, while (14)and (21)
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are valid for the BER of the weak bit of the same sub-channel,
where E, 1s the average signal energy of each bit of the
sub-channel.

Multi-User Transmission

A specific example of a transmitter and receiver that
employ one of the above-described modulation approaches
will now be described with reference to FIG. 12. In this
example, 4-UASK 1s applied to transmit content to two users,
through either a wireless channel or a wire-line channel. For
instance, 1n the wireless mobile application, for the downlink
(DL) transmission from a base station (BS) to two mobile
stations (MS) (that 1s, to two-users), the two mobile stations
may be located at different locations, and the signal reaching,
cach receiver may experience significantly different propa-
gation conditions. Moreover the relative abilities of the two
receivers to suppress interference and noise, for example with
advanced recerver techniques, could be different. The channel
encoded data a, for one user 1s assigned to be b, or b, by the
bit stream mapper 142 and the channel encoded data a, for
another user 1s assigned to be the other of b, and b,. The BER
performance difference between these two bits b, and b, and
therefore also between bits a, or a,, can be controlled by
setting a value of u, as discussed above, taking into account
the propagation condition of each user, the noise and inter-
ference seen by each user, and the noise and interference
suppression capabilities of each receiver.

The transmutter 1s generally indicated at 130. A bit stream
for the first user, User 1, 1s indicated at 131, and this 1s
processed by the source encoder 134, the channel encoder
138. Other components such as an 1nterleaver, bit puncturer,
and any other functions performed during the transmit pro-
cess may be included in the transmitter. Similarly, a bit stream
for the second user, User 2, 1s indicated at 132, and this 1s
processed by the source encoder 136, the channel encoder
140 and any other functions performed during the transmit
process. The output of the first channel 1s indicated at a, while
the output of the second channel 1s indicated at a,. The bit
stream mapper 142 maps these to bits b, and b, as described
above. The 4-UASK modulator 150 performs modulation
based on the bits recerved for two users. Each UASK symbol
contains one bit for User 1 and one bit for User 2. The
4-UASK modulator 150 performs modulation taking into
account the value of u recerved at 152. The output 1s a symbol
“s” at 156 which 1n the particular example 1s processed by a
D/A (Digital-to-Analog) converter 158, Tx filter 160, and an
RF amplifier 162 before being transmitted on transmit
antenna 164. Of course, the particular processing of the sym-
bols prior to transmission on a wireless or wireline channel 1s
implementation specific. As in previous embodiments, the
transmitter may 1nclude additional components (e.g. a Ire-
quency up-converter), not shown.

A first recerver 170 for User 1 1s shown. The recerver 170
may include a receive antenna 171 or a conducted mput port,
RF {front-end 172, A/D converter 174, demodulator 176
which takes into account the parameter u input at 177, Sym-
bol-to-bit demapper 178 which takes into account a param-
cter L 1nput at 181 indicative of which bit(s) are for that
receiver, a bit stream demapper 179 that chooses the strong or
weak bits 1n the symbol constellation according to which bit
1s Tor that recerver, channel decoder 180 and optional source
speech decoder 182. Symbol-to-bit demapper 178 makes a
hard decision or a soit decision for each bit. The receiver 190
for a second user, User 2, includes a receive antenna 192 or a
conducted mnput port, RF front-end 194, A/D converter 196,
demodulator 198 that performs demodulation taking into
account the parameter p at 200, a Symbol-to-bit demapper
202, which takes into account parameter L input at 201
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indicative of which bit(s) are for that receiver, a bit stream
demapper 203 that chooses the strong or weak bits 1n the

symbol according to which bit 1s for that recerver, channel
decoder 204 and optional source decoder 206. Symbol-to-bit
demapper 202 makes a hard decision or a soit decision for
cach bit. Practically, i1 u 1s updated adaptively or in a prede-
termined manner, in some embodiments all of the receivers
are implemented to be capable of performing demodulation
taking nto account a value of u. Otherwise, 11 u 1s fixed
without adaptation, u 1s predetermined and known by all
users. It should be readily apparent how to extend the example
of FIG. 12 to embodiments 1n which there are additional

users, and embodiments 1n which UQAM modulation 1s per-
formed instead of UASK modulation.

GSM Embodiment

Another embodiment provides an access scheme for GSM
that employs time-division multiple access (TDMA) 1n com-
bination with UQAM or UASK modulation. As shown in
FIG. 13, for GSM, 1 the 900 MHz frequency band for
example, the uplink and downlink are separated bands as
indicated at 502,504 respectively, each of which has 25 MHz
bandwidth including 124 channels. Carrier separation 1s 200
kHz. A TDMA frame 1s indicated at 506 and consists of 8
timeslots corresponding to one carrier frequency. Each
timeslot can be used to transmit a burst of symbols. In original
GSM systems, Gaussian minmimum shift-keying (GMSK)
modulation 1s employed, each GMSK symbol carries one
user bit and each timeslot may transmit only one user’s data.
With M-ary ASK or M-ary QAM modulation, one symbol can
transmit more bits for a single user when Mz=4. Alternatively,
with UASK or UQAM modulation, one timeslot can be used
to transmit a burst of multi-user UASK or multi-user UQAM
symbols, as indicated at 508, and each symbol transmits one
or several bits for each of multiple users in one symbol period.
Alternatively, with UASK or UQAM modulation, one
timeslot can be used to transmit a burst of UASK or UQAM
symbols which are for the same recerver but are used to apply
different error immunaities (that 1s, different error protections)
to different bats.

More specifically, 1n some embodiments, each timeslot 1s
used to transmit a burst of multi-user UASK symbols, such as
4-UASK symbols for two users, 8-UASK symbols for three
users, or 16-UASK symbols for four users to name a few
examples. In some embodiments, each timeslot 1s used to
transmit a burst of multi-user UQAM symbols, such as
16-UQAM symbols for four users. These embodiments at
least double the peak voice or data capacity by multiplexing at
least two users simultaneously on the same physical radio
resource. When multiple mobile users are sharing the same
radio resource 1n a cell simultaneously, the channel quality
experienced by those users may be different due to their
different physical locations, radio environment, etc. The use
of UASK or UQAM modulation to multi-users allows the
system to balance the error rate performances among all users
and helps to reduce the overall transmitted signal power by
optimizing the relative bit error rates. In some embodiments,
the constellation 1s adapted with adaptive values of u as
described previously 1n order to keep the required BER per-
formances maintained when the propagation condition var-
1es.

Use of Training Sequences to Convey Parameter(s) Indicative
of Unevenness of the Signal Constellation and/or Bit Assign-
ment

Another embodiment of the application provides methods
and apparatus for the use of traiming sequences to convey
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parameter(s) indicative of unevenness of the signal constel-
lation and/or bit assignment. These methods may be used to
convey U as defined above, but more generally can be used to
convey any parameter(s) used to allow the receiver to deter-
mine the constellation used. In the specific example detailed
below, two different traiming sequences are associated with
two different bit assignments, this being particularly appro-
priate for the 4-UASK embodiment to indicate either the first
or second bit assignment of two possible bit assignments. In
embodiments with larger constellations, additional training
sequences may be associated with additional bit assignments.

As an example, a detailed example of downlink (DL) trans-
mission for two-users with 4-UASK will be described, 1n
which the data for the user who needs better link performance
or error protection 1s designated as b, , and the data for another
user 1s designated as b,. The BER performances of these two
bits can be controlled by setting a proper value of u, as
discussed above, according to the propagation conditions and
the radio recerver capabilities of each user.

A specific method of signaling u and bit assignment waill
now be described for the 4-UASK embodiment that 1s appro-
priate for the GSM voice channel, although 1t may find wider
application.

1) Frame Structure of GSM Voice Channel

In GSM, the transmitted data sequence 1s organized into
bursts. Each burst occupies a time slot of 15/26 ms. Each
normal burst contains a sequence of 58 message bits, a train-
ing sequence code (1TSC) of 26 bits, and another sequence of
58 message bits, 6 tail bits and 8.25 guard period bits. The
TSC 1s used 1n the receiver for channel estimation and other
functions. According to an embodiment of the application, 1t
1s also used by the transmitter to signal u and by the recerver
to estimate 1. According to an embodiment of the application
where a bit stream for multiple users 1s sent to multiple
receivers, the TSC 1s also used to signal which bits are
assigned to each user.

2) Conveying u to the Recerver and Estimation of p by the
Receiver

According to an embodiment of the application, a training
sequence 1s transmitted that has embedded within 1t one or
more parameters indicative of the constellation, for example
indicative of unevenness of the constellation. The above-
introduced p for 4-UASK 1s a specific example.

Consider a DL transmission with 4-UASK, for two users.
First, two example training sequences of real numbers are
defined 1n forms of column vectors of length m=26 as

t=h1,-h11,-h1,-h-1-1h10h-1h11-h1,
h—-1,1,-h-1,-h,

and

tL=h-1h1,1h-1,-h-1,1,-h-1,-bh-1}h1,-1,}h1,
h1.-1,-h-1hkJ"%

where h=1+2u, and the superscript ? stands for matrix trans-
pose. The bit sequences corresponding to the real sequences
t, and t, may be denoted by T, and T, respectively. For each
burst to be transmitted, either t, or t, 1s selected as the training
sequence. The transmitter transmits either t, ort,, 1n so doing,
signaling a value for u to the receiver. As such, in this appli-
cation, the value of 1 1s fixed for at least the length of one data
burst.

The receiver knows all candidate TSC’s but does not know
which TSC 1s selected in the transmitted burst. )

Corresponding to t, and t,, two sequences, t; and t, are
defined, respectively, by replacing h and —h in t, and t, by 1
and -1 respectively. The sequences t; and t, are properly
designed such that ideally It;t,|=0, or, at least, It;t|<<It;t,|, for
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j=i. The sequences t, and t, are pre-nstalled 1n the recerver.
For convenience, a two-column matrix, T=[t, t,] 1s defined.
Two sub vectors ot t; are defined, denoted by t  ,, where 1=1
and 2. The sub vectort, ; 1s a part of t, with all entries equal to
+] deleted. In addition, two sub vectors, t, ;, are defined,
qbtained by replacing h mn t,; with 1. After propagating

I

through an AWGN channel, the received TSC of each burst in
the receiver 1s

r=1+n

where t, 15 etther t, or t,, and n 1s a vector representing the
noise. Corresponding to the sub vectort, ;, a sub vectorr, ; of

r 1s defined.

In the recewver, the estimation of u 1s performed by doing

the following calculations.
(1) Compute

e

x=/xx,]=r""T (22)

where X 15 a row vector ot two real numbers. X, 1s the 1nner
product of r and t,, 1=1 and 2.

(11) Compare X, and X,. If x,>X,, let L=1; otherwise let L=2.
On the basis of the determination of L, a conclusion 1s reached
that the training sequence t; 1s used by the transmaitter.

(111) Compute

T~

}»’:.VHL ZLF-le (23)

(1v) Compute the estimate of u as

(24)

where m=26 1s the length ofeach TSC, and m , 1s the length of
the sub vectort ;.

Increasing the length of the training sequence may increase
the accuracy of the estimate. To improve the estimation accu-
racy, the recerved training sequences of multiple bursts, for
example four bursts, can be concatenated. Then, the concat-
enated long sequence 1s used as r 1n equation (22) above. At
the same time, assuming the four bursts uses the same TSC, t ,
1=1 and 2, are repeated four times to form two long sequences,
and these are used to form T 1n (22) above. Also, the concat-
enated r, ; from the four bursts should be used 1n (23), with a
long sequence obtained by repeating t ; four times.

3) Detection of Bit Assignment

In some of the embodiments described above, a bit stream
mapping operation 1s performed which maps bit(s) of each
receiver to bit positions for the purpose of UQAM or UASK
mapping. Each receiver needs to know which bit(s) are for
that recerver. In some embodiments, one or more parameters
L indicative of which bit(s) are for a given recerver are used to
convey this mformation. A detailed example of how this
information might be conveyed to the receiver 1s provided
below. More generally, the receiver simply needs to know
which bits are for that receiver, and this information can be
obtained 1n any manner.

For the particular case where there 1s a weak bit and a
strong bit, in addition to knowing 1, each recerver also needs
to know which bit, the strong bit or the weak bit, 1s the bit
assigned to that particular user. In some embodiments, a one
to one correspondence between training sequence and bit
assignment 1s used to signal which bit 1s assigned to a par-
ticular user. For the above example, the transmitter transmits
t, to indicate an assignment of the first bit position b, to the
receiver (1.e. the more reliable bit position), and transmits t, to
indicate an assignment of the second bit position b, to the
receiver (1.e. the less reliable bit position). In step (i1), the
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recetver determines a value of L, and this can be used as an
indication of the bit assignment. In a particular example, L=1

means the user has been assigned b,, while L=2 means the
user has been assigned b.,.

FIG. 14 1s a block diagram of a transmitter configured to
convey bit assignment and p using training sequences asso-
ciated with 16-UQAM. To reduce the complexity, with this
embodiment 1n 16-UQAM, both the I and Q sub channel use
the same value of . In the 1llustrated example, this 1s achieved
by dividing four users to two non-overlapping groups, with
two users 1n each group. In the 1llustrated example, the first
group contains “User 17 and “User 27, and the second group
contains “User 3 and “User 4. The bit streams of the two
groups are selected alternatively 1n time by selector logic 900.
That 1s, during a certain time period, e.g., a period of several
bursts, the strong bits of both I and Q sub channels are
assigned to User 1, and the weak bits of both I and Q sub
channels to User 2. Then in the next period, the strong bits of
bothIand QQ sub channels are assigned to User 3, and the weak
bits of both I and QQ sub channels to User 4. In this way, during
cach period, the same p value 1s used for both I and Q sub
channels. The mapping of the users within a group to either
the strong or the weak channel 1s done by the bit assignment
block 902, this being analogous to the above-described bit
stream mapping function. The outputs of the bit assignment
block 902 include strong bits and weak bits. Serial to parallel
converter 904 produces a parallel output contaiming two
strong bits b, and b,. Serial to parallel converter 906 produces
a parallel output containing two weak bits b, and b,,.. Bits b,,
b,, b, and b, mnput to bit burst formatting 907 where a traiming,
sequence 1s added for each user. The training sequence 1s
selected by training sequence selection block 912. FEither
training sequence T, or T, respectively 1s inserted for each
user. More generally, training sequences are used as
described above for the purpose of conveying bit position
assignment, and p. The output of the bit burst formatting 907
1s mapped to 16 UQAM symbols by the 16 U-QAM bit-to-
symbol mapping 908. Parameter adaptation 1s indicated at
914. This mvolves determining what constellation to use,
having regard to any of the factors mentioned previously
referred to collectively as adaptation mputs 915. In the 1llus-
trated example, this involves producing the parameter
which 1s used by the bit assignment block 902, the 16-UQAM
bit-to-symbol mapping 908 and the training sequence selec-
tion 912. Also shown at the output 1s a shaping filter 916 and
power control block 918. In the illustrated example, the
parameter adaptation 914 also has some control over the
operation of the power control 918. Other components may
also be included.

Codec Embodiments

The embodiments described previously provide systems
and methods for the use of uneven constellations (e.g. UQAM
and UASK) to provide controllable bit-error rate (BER) per-
formance, 1n some cases adaptively controllable, for each bit
among the k bits of each symbol.

In another embodiment, uneven symbol constellations are
employed to enable the more efficient transmission of codec
bit streams which have requirements for unequal error pro-
tection. By taking advantage of the controllable BER perfor-
mance characteristic of the bits transmitted using uneven
constellations, the overall need for additional error correction
may be reduced.

Generally, the bits requiring greater error protection will be
sequenced into the strong bits of the constellation and those
with less subjective importance will be sequenced 1nto the
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weak bits of the constellation. The bit stream mapper entity
described previously 1s one example of a function that could
perform this.

In a first specific example, 1t 1s assumed that bits are clas-
sified 1n accordance with one of the conventional implemen-
tations described (for example; Class 1a and Class 1b bits; or
Class A, B or C or some alternate classification) may be
transmitted at the same expected BER.

In some embodiments, bits are first ordered in sequence of
decreasing importance at the output of the codec, for example
using conventional approaches. The ordered bits are then
reordered 1n such a manner that each bit 1s positioned such
that 1t gets the BER performance relative to its subjective
importance.

In some embodiments, the bit stream ordering from the
codec may not be 1n sequence of decreasing importance as per
the example described above. Channel coding and interleav-
ing functions may change the ordering of the bits, but this 1s
in a deterministic manner so the relative positions of the
strong and weak bits are still known. Thus the bits may be
re-sequenced prior to symbol modulation in order to ensure
that each bit 1s positioned such that 1t gets the BER perfor-
mance relative to its subjective importance.

In some embodiments, the ordering according to 1mpor-
tance, and the reordering for the purpose of relative BER
performance are performed 1n a single reordering operation at
the output of the codec such that each bit output by the codec
1s positioned such that it gets the BER performance relative to
its subjective importance.

In some embodiments, additional processing on the bits
output by the codec 1s performed prior to modulation. Spe-
cific examples include but are not limited to channel coding,
interleaving, and bit puncturing. In such embodiments, reor-
dering 1s performed at some point prior to the bit to symbol
mapping by a bit stream mapper, or other similar entity so as
to again result 1n each bit being modulated being positioned
such that 1t gets the BER performance relative to 1ts subjective
importance.

In a specific example of this, in some embodiments, the
output of the speech encoder 1s further encoded using a chan-
nel encoder (for example but not limited to convolutional
encoders, turbo encoders, Reed Solomon encoders, Trellis
encoders, etc.). In some embodiments the output of the chan-
nel encoder 1s then acted on by other components such as an
interleaver and a possible bit puncturer. The sequencing of the
output bits onto the strong and weak bits of the symbol con-
stellation 1s done after all modifications to the bit stream by
the possible functions has been completed. The order of the
bit stream 1s deterministic and as such, the relative strength of
the bits 1s still known. There may 1n some cases be bits that
were considered strong bits prior to channel encoding that
have been convolved with bits that were considered to be
weak bits prior to channel encoding, resulting 1n bits output
from the channel encoder that are a mix of strong and weak
bits. It 1s possible 1n this case to treat these bits as strong bits.
In addition, parity bits that are added to the bit stream (such as
CRC bits) could be assigned to strong bit positions in the bit
to symbol mapping.

Characterization of a transmission channel to 1dentity the
most eflicient combination of bit sequencing, error protection
and error concealment to exploit the variance 1n bit error rate
between different bits 1n an uneven constellation may be
employed. This process includes the definition of a static list
of the most advantageous sequence for reordering the bits
from the codec output. In some embodiments, this takes into
account a puncturing process such that puncturing bits to
reduce the overall transmitted bit stream 1s performed such
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that 1t maps bits to the available strong bits and weak bits 1n an
uneven constellation whilst minimizing the impairment to
received voice quality.

In some embodiments, the constellation 1s adaptively
adjusted so as to adaptively control the BER rates available. In
some embodiments, this 1s done to provide a gradual varniance
in the BER rate from bit to bit (or for given groups of bits) to
align with the subjective importance of each bit.

In some embodiments, each time the constellation 1s
adjusted, the receiver needs to determine the constellation
used. This can be done by receiving signaling, using the
above-described traiming sequence approach to name a few
specific examples.

In another embodiment, the constellation 1s adjusted 1n a
predetermined manner, for example for a block of bits that 1s
known to the receiver. For example, in some embodiments,
the value and variance of u (more generally of whatever
parameters are used and/or the signal constellation per se) 1s
predetermined and 1s known at both the transmitting and
receiving station. As a consequence there 1s no need for the
receiving station to attempt to calculate u and hence 1t can be
varied more frequently than 1s the case when the receiver
attempts to recover 1. This technique also avoids the overhead
associated with explicit signaling of w. This would allow the
optimization of the u values to adapt the constellations to
provide a gradual variance 1n the BER rate from bit to bit (or
for given groups of bits) to align with the subjective impor-
tance of each bit.

The predetermined values of u may be stored 1n a look up
table or other memory at the transmitting and receiving sta-
tion. Different sets of values of u may be stored for different
codec types and modes. In some embodiments, Over-The-Air
procedures are provided to replace and/or moditly these val-
ues of L.

As a specific example, where 150 bits are to be transmitted,
constellation C1 (with first constellation unevenness that pro-
vides associated BERs for each of four bit positions) might be
used for 50 bit positions, constellation C2 (with second con-
stellation unevenness that provides associated BERSs for each
of four bit positions) might be used for 50 bit positions, and

constellation C3 (with third constellation unevenness that
provides associated BERs for each of four bit positions)
might be used for 50 bit positions. This results 1n a total o112
different BERs that are available. The 150 bits would then be
mapped to the 1350 bit positions such that the BER of each bit
1s aligned with 1ts subjective importance.

In systems that make use of the technique described above,
it may be possible that the same performance provided by
conventional implementations could be available with the use
of a convolutional encoder of a different rate that reduces the
overall size of the transmitted bit stream. Alternatively addi-
tional puncturing could reduce the overall size of the block to
be transmitted. Variance of both the rate of the convolutional
encoder and the degree of puncturing could be combined.

Codecs such at the AMR codec used in GSM and UMTS
systems support a variety of modes. In some embodiments,
the value and degree of variance of the constellation uneven-
ness 1s adjusted 1n line with changes 1n the mode of the codec.

The use of this technique 1s not limited to the conventional
implementations seen mm GSM, UMTS and other cellular
systems today. Characterization of the transmission channel
may 1dentity other error correction and concealment tech-
niques that would work more effectively in tandem with the
approach. Characterization of the importance of bits through
subjective analysis 1s just one example of how bits can be
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prioritized. More generally, any approach to prioritization
can be employed; the approach 1s not limited to speech cod-
ng.

Potential advantages of this approach include, but are not
limited to, increased capacity, increased voice quality (e.g.
enabling higher rate output from the speech codec within a
fixed size channel), more robust error performance (e.g.
through additional error protection exploiting the reduction in
the overall number of bits to be transmitted), and improved

eificiency (e.g. through the adaptation of the constellation
spacing in line with different codec modes).

Referring now to FIG. 15, shown 1s a block diagram of a
system that includes a codec 800, UQAM or UASK modula-
tor 810, and bit stream mapper 808. Optional components
include a channel encoder (such as a convolutional encoder)
804, an interleaver 805, and a bit puncturer 806. The bit
stream mapper 808 represents functionality 1n the system that
1s responsible for mapping bits to bit positions input to the
modulator 810 such that stronger bit positions are used for
more important bits, while weaker bit positions are used for
less 1mportant bits. The specific location of the bit stream
mapper 808 1s implementation specific, and its functionality
may be integrated in with other components. It should be
readily apparent that a codec system design 1s implementa-
tion specific, and that other components than those specifi-
cally shown 1in FIG. 15 may be employed in conjunction with
a UASK or UQAM modulator.

In a specific example, the bit stream mapper 808 reorders
bits at the output of the codec. The reordered bits may then be
subject to further manipulation, such as by the illustrated
channel encoder and bit puncturer. In this case, the bit stream
mapper 808 accounts for where each bit will end up at the
input to the modulator in performing its reordering. In another
example, the bit stream mapper 808 reorders bits at the input
to the modulator 810.

Referring now to FI1G. 16, shown 1s a flowchart of a method
provided by an aspect of the application. The method begins
with generating a codec output at block 16-1. The method
continues 1n block 16-2 with mapping bits of the codec out-
put. In block 16-3 the bits are then used to modulate an uneven
constellation. The sequencing of the bits 1n block 16-2 1s such
that such stronger bit positions of the uneven constellation are
used for more important bits, while weaker bit positions of the
constellation are used for less important bits.

The above-described techniques can be easily applied to
other modulation and coding schemes that may inherently or

adaptively provide unequal bit error protection. Examples of
possible other modulation schemes include but are not lim-

ited to BPSK, 8 PSK, 32 QAM efc.
Another Mobile Device

Referring now to FIG. 17, shown 1s a block diagram of a
mobile communication device 700 that may implement
mobile device related methods described herein. It 1s to be
understood that the mobile device 700 1s shown with very
specific details for example purposes only.

A processing device (amicroprocessor 728) 1s shown sche-
matically as coupled between a keyboard 714 and a display
726. The microprocessor 728 controls operation of the dis-
play 726, as well as overall operation of the mobile device
700, 1n response to actuation of keys on the keyboard 714 by
a user.

Themobile device 700 has a housing that may be elongated
vertically, or may take on other sizes and shapes (including
clamshell housing structures). The keyboard 714 may include
a mode selection key, or other hardware or software for
switching between text entry and telephony entry.
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In addition to the microprocessor 728, other parts of the
mobile device 700 are shown schematically. These include: a
communications subsystem 770; a short-range communica-
tions subsystem 702; the keyboard 714 and the display 726,
along with other input/output devices including a set of LEDS
704, a set of auxiliary I/O devices 706, a serial port 708, a
speaker 711 and a microphone 712; as well as memory
devices including a tlash memory 716 and a Random Access
Memory (RAM) 718; and various other device subsystems
720. The mobile device 700 may have a battery 721 to power
the active elements of the mobile device 700. The mobile
device 700 1s 1n some embodiments a two-way radio Ire-
quency (RF) communication device having voice and data
communication capabilities. In addition, the mobile device
700 1n some embodiments has the capability to communicate
with other computer systems via the Internet.

Operating system soltware executed by the microproces-
sor 728 15 1n some embodiments stored 1n a persistent store,
such as the flash memory 716, but may be stored 1n other types
of memory devices, such as a read only memory (ROM) or
similar storage element. In addition, system software, spe-
cific device applications, or parts thereof, may be temporarily
loaded 1nto a volatile store, such as the RAM 718. In some
embodiments, one or more parameters representative of
unevenness 1n the signal constellation are stored in the non-
volatile memory or in a volatile store. Communication signals
received by the mobile device 700 may also be stored to the
RAM 718.

The microprocessor 728, 1n addition to 1ts operating system
functions, enables execution of software applications on the
mobile device 700. A predetermined set of software applica-
tions that control basic device operations, such as a voice
communications module 730A and a data communications
module 7308, may be istalled on the mobile device 700
during manufacture. In addition, a personal information man-
ager (PIM) application module 730C may also be installed on
the mobile device 700 during manufacture. The PIM appli-
cation 1s 1n some embodiments capable of orgamzing and
managing data items, such as e-mail, calendar events, voice
mails, appointments, and task 1tems. The PIM application 1s
also 1n some embodiments capable of sending and receiving
data 1items via a wireless network 710. In some embodiments,
the data 1items managed by the PIM application are seam-
lessly integrated, synchronized and updated via the wireless
network 710 with the device user’s corresponding data 1tems
stored or associated with a host computer system. As well,
additional software modules, illustrated as other software
module 730N, may be installed during manufacture.

Communication functions, including data and voice com-
munications, are performed through the communication sub-
system 770, and possibly through the short-range communi-
cations subsystem 702. The communication subsystem 770
includes a receiver 750, a transmitter 752 and one or more
antennas, 1llustrated as a receive antenna 754 and a transmit
antenna 756. In addition, the communication subsystem 770
also 1ncludes a processing module, such as a digital signal
processor (DSP) 758, and local oscillators (LOs) 760. The
specific design and implementation of the communication
subsystem 770 1s dependent upon the communication net-
work 1n which the mobile device 700 1s intended to operate.
For example, the commumcation subsystem 770 of the
mobile device 700 may be designed to operate with the Mobi-
tex™, DataTAC™ or General Packet Radio Service (GPRS)
mobile data communication networks and also designed to

operate with any of a variety of voice communication net-
works, such as Advanced Mobile Phone Service (AMPS),

Time Daivision Multiple Access (TDMA), Code Division
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Multiple Access (CDMA), Personal Communications Ser-
vice (PCS), Global System for Mobile Communications
(GSM), etc. Other types of data and voice networks, both
separate and 1ntegrated, may also be utilized with the mobile
device 700. The particular devices under consideration here
are multi-mode mobile devices, and as such they include
hardware and/or software for implementing at least two
RATs. More specifically, 1n a particular example, there would
be a respective communication subsystem 770 for each RAT
implemented by the device.

Network access may vary depending upon the type of
communication system. For example, 1n the Mobitex™ and
DataTAC™ networks, mobile devices are registered on the
network using a unique Personal Identification Number (PIN)
assoclated with each device. In GPRS networks, however,
network access 1s typically associated with a subscriber or
user of a device. A GPRS device therefore typically has a
subscriber 1dentity module, commonly referred to as a Sub-
scriber Identity Module (SIM) card, 1n order to operate on a
GPRS network.

When network registration or activation procedures have
been completed, the mobile device 700 may send and receive
communication signals over the communication network
710. Signals received from the communication network 710
by the receive antenna 754 are routed to the recerver 750,
which provides for signal amplification, frequency down con-
version, filtering, channel selection, etc., and may also pro-
vide analog to digital conversion. Analog-to-digital conver-
sion of the received signal allows the DSP 758 to perform
more complex communication functions, such as demodula-
tion and decoding. In a similar manner, signals to be trans-
mitted to the network 710 are processed (e.g., modulated and
encoded) by the DSP 7358 and are then provided to the trans-
mitter 752 for digital to analog conversion, frequency up
conversion, filtering, amplification and transmission to the
communication network 710 (or networks) via the transmat
antenna 736.

In addition to processing communication signals, the DSP
758 provides for control of the recerver 750 and the transmiut-
ter 752. For example, gains applied to communication signals
in the receiver 750 and the transmitter 752 may be adaptively
controlled through automatic gain control algorithms 1mple-
mented in the DSP 758.

In a data communication mode, a recerved signal, such as a
text message or web page download, 1s processed by the
communication subsystem 770 and 1s input to the micropro-
cessor 728. The received signal 1s then further processed by
the microprocessor 728 for an output to the display 726, or
alternatively to some other auxiliary I/O devices 706. A
device user may also compose data items, such as e-mail
messages, using the keyboard 714 and/or some other auxil-
1ary 1/0 device 706, such as a touchpad, a rocker switch, a
thumb-wheel, or some other type of input device. The com-
posed data items may then be transmitted over the commu-
nication network 710 via the communication subsystem 770.

In a voice communication mode, overall operation of the
device 1s substantially similar to the data communication
mode, except thatrecerved signals are output to a speaker 711,
and signals for transmission are generated by a microphone
712. Alternative voice or audio I/O subsystems, such as a
voice message recording subsystem, may also be imple-
mented on the mobile device 700. In addition, the display 716
may also be utilized 1n voice communication mode, for
example, to display the identity of a calling party, the duration
of a voice call, or other voice call related information.

The short-range communications subsystem 702 enables
communication between the mobile device 700 and other
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proximate systems or devices, which need not necessarily be
similar devices. For example, the short-range communica-
tions subsystem may include an infrared device and associ-
ated circuits and components, or a Bluetooth™ communica-
tion module to provide for communication with similarly-
enabled systems and devices.

Numerous modifications and variations are possible 1n
light of the above teachings. It 1s therefore to be understood
that within the scope of the appended claims, embodiments

may be practiced otherwise than as specifically described
herein.

We claim:

1. A transmitter comprising:
a parameter adaptor that selects a UASK or UQAM con-

stellation to be used by the transmitter by selecting one
of a plurality of different UASK or UQAM constella-

tions by taking into account a target BER performance
for different bit positions of 1input bits; and
a UASK (amplitude shift keying with uneven distance)
modulator or UQAM (quadrature amplitude modulation
with uneven distance) modulator that generates a
sequence of UASK or UQAM symbols from the input
bits by mapping a respective subset of the input bits to
the selected UASK constellation or UQAM constella-
tion without using superposition to produce a respective
UASK or UQAM symbol;

wherein the transmitter 1s configured to transmit a signal
containing the sequence of UASK or UQAM symbols
during non-overlapping time intervals.
2. The transmitter of claim 1 wherein the UASK modulator
or UQAM modulator employs an M-ary symbol constella-
tion, and each symbol produced by the UASK modulator or
UQAM modulator contains a bit for each of N receivers
where M=2", where N is an integer >=2.
3. The transmitter of claim 2 further comprising:
for each user, a respective channel encoder;
wherein the bit for each user 1s a channel encoded bit.
4. The transmitter of claim 1 further comprising;:
the parameter adaptor selects the constellation to be used
by the UASK modulator or the UQAM modulator by
determining at least one parameter reflective of uneven-
ness in the constellation used by the UASK modulator or
the UQAM modulator.
5. The transmaitter of claim 1 wherein the parameter adaptor
1s configured to determine the constellation taking into
account at least one adaptation mput.
6. The transmitter of claim 5 wherein the at least one
adaptation mput comprises at least one of: required SNR
(signal to noise ratio) or SINR (signal-to-interference plus
noise ratio) for a targeted service quality, measured SNR or
SINR, RSSI (recerved signal strength indication), BER,
BLER (block error rate), Mean BEP (bit error rate probabil-
ity), CV BEP (coeflicient of variance for BEP), FER (Irame
error rate), advanced receiver Capabilities (for example
DARP Phase I, DARP Phase I1), MCS (modulation and cod-
ing scheme).
7. The transmuitter of claim 1 further configured to transmit
an 1ndication of the constellation used by the UASK modu-
lator or the UQAM modulator.
8. The transmitter of claim 1 further comprising:
a bit stream mapper that maps bits for multiple receivers to
bit positions for the purpose of bit-to-symbol mapping;

the transmitter further configured to transmit signalling
indicative of which bit position or positions 1s/are for
which recerver.
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9. The transmitter of claim 1 comprising;:

a GSM (Global System for Mobile Communication)
framer that produces GSM frames containing TDMA
(time division multiple access) slots;

wherein at least some of the slots contain multi-user UASK
symbols or multi-user UQAM symbols.

10. The transmitter of claim 1 wherein UASK modulator or

UQAM modulator 1s a UASK modulator.

11. The transmuitter of claim 1 wherein UASK modulator or
UQAM modulator 1s a UQAM modulator.

12. The transmitter of claim 1 wherein the UASK modu-
lator or UQAM modulator generates symbols from input bits
for multiple recervers such that at least some of the symbols
generated by the UASK modulator or UQAM modulator are
multi-user symbols that each contain bits for multiple rece1v-
ers.

13. A method comprising:

selecting a UASK or UQAM constellation to be used by the
transmitter by selecting one of a plurality of different
UASK or UQAM constellations by taking into account a
target BER performance for different bit positions of
input bits;

generating a sequence of UASK (amplitude shift keying
with uneven distance) symbols or UQAM (quadrature
amplitude modulation with uneven distance) symbols
by mapping a respective subset of the mput bits to the
selected UASK constellation or UQAM constellation
without using superposition to produce a respective

UASK or UQAM symbol; and

transmitting a signal containing the sequence of UASK
or UQAM symbols during non-overlapping time
intervals.

14. The method of claim 13 wherein generating comprises
employing an M-ary symbol constellation, and each symbol
produced by UASK modulation or UQAM modulation con-
tains a bit for each of N receivers where M=2", where N is an
integer >=2.

15. The method of claim 13 further comprising:

performing respective channel encoding of the bits for each

receiver prior to bit stream mapping or bit-to-symbol
mapping.

16. The method of claim 13 wherein:

selecting a constellation to be used when performing

UASK modulation or UQAM modulation comprises
determining at least one parameter reflective of uneven-
ness 1n the constellation.

17. The method of claim 13 wherein:

selecting a constellation to be used when performing

UASK modulation or UQAM modulation comprises
taking into account at least one adaptation mput.

18. The method of claim 13 further comprising mapping
bits for the multiple users to bit positions for the purpose of
bit-to-symbol mapping.

19. The method of claim 13 further comprising:

transmitting signalling indicative of the constellation used

when performing UASK modulation or UQAM modu-
lation.

20. The method of claim 19 wherein transmitting signal-
ling indicative of the constellation used when performing
UASK modulation or UQAM modulation comprises:

transmitting a training sequence within which 1s embedded

at least one parameter indicative of the constellation.

21. The method of claim 19 further comprising:

transmitting signalling indicative of which bit position or

positions 1s/are for which recerver.
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22. The method of claim 21 wherein transmitting signal-
ling indicative of which bit position or positions 1s/are for
which receiver comprises:

for each receiver, transmitting a respective training

sequence selected from a plurality of possible training,
sequences, the selection of the traiming sequence for
cach receiver indicating which bit position or positions
1s/are for that receiver.

23. The method claim 13 wherein the mapping 1s a Gray
code mapping.

24. The method of claim 13 where the UASK symbols or
UQAM symbols are UASK symbols.

25. The method of claim 13 where the UASK symbols or
UQAM symbols are UQAM symbols.

26. The method of claim 13 wherein the constellation 1s a
UQAM constellation formed by combining two independent
UASK constellations, one for an in-phase sub-channel, and
one for an quadrature sub-channel.

27. The method of claim 26 wherein a respective uneven-
ness 1s assigned to each of the mn-phase sub-channel and the
quadrature sub-channel.

28. The method of claim 27 wherein:

the UQAM constellation 1s a 16 UQAM constellation
formed with two independent 4-UASK constellations;

wherein two bits are mapped to the in-phase sub-channel
and two bits are mapped to the quadrature sub-channel;

wherein by setting a proper unevenness to each of the
sub-channels, different BER performances for the
strong bits and the weak bits can be obtained for each
sub-channel.

29. The method of claim 13 wherein generating UASK
symbols or UQAM symbols comprises generating the UASK
symbols or UQAM symbols from input bits destined for
multiple receivers such that at least some of the symbols
generated are multi-user symbols that each contain bits for
multiple recervers.

30. A recerver comprising:

a UASK (uneven amplitude shift keying) demodulator or
UQAM (uneven quadrature amplitude modulation)
demodulator that produces bits from a received
sequence of UASK or UQAM symbols transmitted dur-
ing non-overlapping time intervals by performing bit
de-mapping to reverse a bit stream mapping operation
that mapped a respective subset of mnput bits to bit posi-
tions of a selected UASK or UQAM constellation with-
out using superposition to produce a respective UASK

or UQAM symbol;

wherein the selected UASK or UQAM constellation to be
used by the UASK demodulator or the UQAM demodu-
lator 1s one of a plurality of different constellations
selected to take 1nto account a target BER performance
for different bit positions of the input bits.

31. The receiver of claim 30 further comprising:

a bit stream de-mapper that extracts bits for that recerver.

32. The receirver of claim 30 further configured to extract at
least one parameter reflective of unevenness in the constella-
tion from the signal or elsewhere.

33. The recerver of claim 30 wherein the recerved symbols
are M-ary symbols from an M-ary symbol constellation, and
cach symbol contains a bit for each of N receivers where
M=2", where N is an integer >=2.

34. The recerver of claim 30 further comprising:

a channel decoder for performing channel decoding on the

bits extracted for that receiver.
35. The receiver of claim 30 wherein the UASK demodu-

lator or UQAM demodulator 1s a UASK demodulator.

28

36. The recerver of claim 30 wherein the UASK demodu-
lator or UQAM demodulator 1s a UQAM demodulator.

37. The recerver of claim 30 wherein at least some of the
symbols are multi-user symbols that each contain bits for

> multiple receivers, the receiver being further configured to
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extract bits that are tor that receiver.

38. A method 1n a receiver comprising;:

recerving a signal containing a sequence of UASK or
UQAM symbols transmitted during non-overlapping
time 1ntervals;

performing UASK (uneven amplitude shift keying)
demodulation of the received signal or performing
UQAM (uneven quadrature amplitude modulation)
demodulation of the received signal to produce bits from
the symbols by performing bit de-mapping to reverse a

bit stream mapping operation that mapped a respective

subset of input bits to bit positions of a selected UASK or

UQAM constellation without using superposition to

produce a respective UASK or UQAM symbol; and
extracting bits that are for that receiver;

wherein the selected UASK or UQAM constellation to be

used by the UASK demodulator or the UQAM demodu-
lator 1s one of a plurality of different constellations
selected to take 1nto account a target BER performance
for different bit positions of the mnput bits.

39. The method of claim 38 further comprising:

determinming the constellation to be used 1n performing

UASK demodulation or UQAM demodulation com-
prises extracting at least one parameter reflective of
unevenness 1n the constellation from the signal or else-
where.

40. The method of claim 38 wherein the recerved symbols
are M-ary symbols from an M-ary symbol constellation, and
cach M-ary symbol contains a bit for each of N recervers
where M=2", where N is an integer >=2.

41. The method of claim 38 further comprising:

performing channel decoding on the bits extracted for that

receiver.

42. The method of claim 38 further comprising:

recerving signalling indicative of the constellation to be

used i performing UASK demodulation or UQAM
demodulation.

43. The method of claim 42 wherein:

recerving signalling indicative of the constellation to be

used 1 performing UASK demodulation or UQAM
demodulation comprises receving a training sequence
within which 1s embedded at least one parameter indica-
tive of the constellation;

the method further comprising processing the recerved

training sequence to extract the at least one parameter.

44. The method of claim 38 further comprising:

recewving signalling indicative of which bit position or

positions 1s/are for the receiver.

45. The method of claim 44 wherein receiving signalling,
indicative of which bit position or positions 1s/are for the
receiver CoOmprises:

recerving a training sequence selected from a plurality of

possible training sequences, the selection of the traiming
sequence for each receiver indicating which bit position
or positions 1s/are for that receiver;

processing the training sequence to determine which of the

plurality of possible training sequences was received so
as to thereby determine which bit position or positions
1s/are for that recever.

46. The method claim 38 wherein the mapping 1s a Gray
code mapping.
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47. The method of claim 38 where the UASK symbols or
UQAM symbols are UASK symbols.

48. The method of claim 38 where the UASK symbols or
UQAM symbols are UQAM symbols.

49. The method of claim 38 wherein the constellation 1s a
UQAM constellation formed by combining two independent
UASK constellations, one for an in-phase sub-channel, and
one for a quadrature sub-channel.

50. The method of claim 49 wherein a respective uneven-
ness 1s assigned to each of the mn-phase sub-channel and the
quadrature sub-channel.

51. The method of claim 50 wherein:

the UQAM constellation 1s a 16 UQAM constellation

formed with two independent 4-UASK constellations;
wherein two bits are mapped to the in-phase sub-channel
and two bits are mapped to the quadrature sub-channel;
wherein by setting a proper unevenness to each of the
sub-channels, different BER performances for the
strong bits and the weak bits can be obtained for each
sub-channel.

52. The method of claim 30 wherein at least some of the
symbols being multi-user UASK symbols that each contain
bits for multiple receivers, or at least some of the symbols
being multi-user UQAM symbols that each contain bits for
multiple recervers.
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